Introduction
============

The neuropeptide substance P, a member of the tachykinin family, has been shown to play an important role in asthma, inflammatory bowel disease, arthritis and other inflammatory processes \[[@b1]\]. Subsequent to its release from nerve endings, substance P binds to neurokinin 1 receptor (NK1 R) on effector cells, increases microvascular permeability and promotes plasma extravasation from the intravascular to the extravascular space. Pancreatic acinar cells are known to express NKIR, and substance P has been detected within the pancreas \[[@b3]\]. It has been suggested that this neuropeptide might play a role in the pathogenesis of a pancreatic inflammatory disease, such as acute pancreatitis \[[@b6]\]. Studies have found that pancreatic levels of substance P and the expression of NK1 R on pancreatic acinar cells are increased during experimental acute pancreatitis \[[@b6]\]. It has also been shown that genetic deletion of NK1R reduces the severity of pancreatitis and pancreatitis-associated lung injury \[[@b6]\]. Furthermore knockout mice deficient in the preprotachykinin-A gene, which encodes for substance P, are protected against acute pancreatitis and associated lung injury \[[@b7]\].

Inflammatory mediators, such as chemokines play a key role in the pathogenesis of acute pancreatitis \[[@b6]\]. The chemokines are afamily of small (8--10 kD) inducible cytokines with activating and chemotactic effects on leucocyte subsets. They can be broadly subdivided on a structural basis into the CC subfamily, in which the first two cysteine residues are adjacent, and the CXC subfamily, in which the first two of the four conserved cysteine residues are separated by another amino acid. CC chemokines, such as monocyte chemoattractant protein-1 (MCP-I), are believed to principally affect monocytes, whereas CXC chemokines that possess the Glutamic acid- Leucine-Arginine (ELR) motif at the amino terminal are believed to act on neutrophils \[[@b1]\]. Recently our group has demonstrated the interaction between CC, CXC chemokines and the inflammatory mediator, substance P in acute pancreatitis and associated lung injury. Blockade of substance P receptor with its potent selective antagonist, CP96345, attenuates the increase in CC chemokines MCP-1, macrophage inflammatory protein (MlP)-1~α~ and CXC chemokine MIP-2 production in both pancreas and lungs in mice induced with acute pancreatitis \[[@b10]\]. Our group also investigated the effect of substance P treatment on chemokine synthesis in mouse pancreatic acinar cells.We demonstrated that substance P stimulates the synthesis of MCP-1, MIP-l~α~ and MIP-2 in pancreatic acinar cells. Furthermore, we found that the increase in the chemokine production is mediated by NF~κ~B activation \[[@b11]\]. Hence substance P plays an important role in the pathogenesis of acute pancreatitis by inducing chemokine production via the NF~κ~B-dependent pathway. However, the signal transduction pathway through which substance P-NKlR interaction induces chemokine production in mouse pancreatic acini has not been elucidated yet. In the present study, we examined the participation of MAPKs in substance P-induced synthesis of chemokines MCP-1, MIP-l~α~ and MIP-2 in pancreatic acini.

Material and methods
====================

Preparation of mouse pancreatic acini
-------------------------------------

All animal experiments were approved by the Animal Ethics Committee of National University of Singapore and carried out in accordance with established International Guiding Principles for Animal Research.

Pancreatic acini were obtained from mouse pancreas by collagenase treatment as described previously \[[@b8]\]. Briefly, pancreas from three Swiss mice (20--25 g) were removed, infused with *buffer* A (in mM: 140 NaCl, 4.7 KCl, 1.13 MgCl~2~, 1 CaCl~2~, 10 glucose, 10 HEPES, pH 7.2) containing 200 IU/ml collagenase and 0.5 mg/ml soybean trypsin inhibitor and incubated in a shaking water bath for 10 min at 37°C. The digested tissue was passed through 50 mg/ml bovine serum albumin (BSA) and washed twice with *buffer* A before further experiments.

Viability of mouse pancreatic acinar cells
------------------------------------------

Viability of the pancreatic acinar cells was determined by trypan blue dye exclusion assay. One drop of 0.4% of trypan blue dye was added to one drop of the isolated acinar cells and the viability was checked under light microscope. In all experiments, cell viability was greater than 95%.

Cell signalling experiments
---------------------------

Pancreatic acini were treated with substance P (Sigma, St Louis, MO, USA) at a dose of 10^-6^ M (1 μM) for 0, 3, 5, 10, 15, 45, 60 and 120 min at 37°C. After which the cells were subjected to either nuclear extract for NF~κ~B (p65) and AP-1 (c-Jun) detection or cell lysis to detect for MAPKs activation by Western blot analysis. In some experiments, cells were also pre-treated with MAPK kinase (MEK1) inhibitor PD98059 at 10 μM, 30 μM, 50 μM and 100 μM (Calbiochem, Hull, UK) for 1 hr and then stimulated with 1 μM substance P or vehicle (dimethyl sulfoxide \[DMSO\] for 45 min at 37°C). In other experiments, cells were pre-incubated with JNK inhibitor SP600125 at 10 μM, 25 μM, 50 μM and 100 μM (Calbiochem) for 1 hr followed by treatment with 1 μM substance P or vehicle (DMSO) for 45 min at 37°C). In yet another experiment, cells were pre-incubated with the selective NK1R antagonist, CP96345, at 1 μM (Pfizer Diagnostics, New York, NY, USA) for half an hour followed by treatment with 1 μM substance P or vehicle (saline) for 45 min at 37°C. Subsequently the supernatant was used for chemokine detection and the pellet was used for either nuclear extract, to detect NF~κ~B (p65) and AP-1 (c-Jun) activation, or cell lysis for Western blot analysis. PD98059 or SP600125 stock solutions were prepared by dissolving 5 mg of PD98059 or SP600125 into 100 μl of DMSO. The final concentration of the vehicle was ≤ 0.1% DMSO. CP96345 stock solution was prepared by dissolving 1 mg of CP96345 into 2 ml of saline.

Preparation of cell lysates for Western blot analysis
-----------------------------------------------------

Pancreatic acini were treated with substance P (Sigma) at a dose of 10^-6^ M (1 μM) for 0, 3, 5, 10, 15, 45, 60 and 120 min at 37°C. After treatment, pancreatic acinar cells were homogenized on ice in radioimmunoprecipitation (RIPA) buffer supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and the protease inhibitor cocktail containing pepstatin, leupeptin, chymostatin, antipain and aprotinin (5 μg/ml of each), and centrifuged at 4°C for 15 min at 13,000 rpm. The supernatants were collected and stored at −80°C until use. Protein concentrations were determined by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA).

Western blot analysis
---------------------

Cell lysates (50 μg) were separated on 12% SDS-polyacrylamide gel and electrophoretically transferred to nitrocellulose membranes. Non-specific binding was blocked by 1-hour incubation of the membranes in 5% non-fat dry milk in PBST (0.05%Tween 20 in PBS). The blots were then incubated overnight with the primary antibodies phospho-ERK1/2, ERK 1/2, phospho-stress-activated protein kinase (SAPK)/JNK, SAPK/JNK and I~κ~B~κ~ Cell Signalling Technology, Danvers, MA, USA) at 1:1000 dilutions in the buffer containing 2.5% non-fat dry milk in PBST. After which they were washed four times with PBST, and finally incubated for 1 hr with goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 1:2000 dilutions in the buffer containing 2.5% non-fat dry milk in PBST. The blots were developed for visualization using enhanced chemiluminescence (ECL) detection kit (Pierce, Rockford, IL, USA).

Nuclear cell extract preparation and NF~κ~B DNA-binding activity
----------------------------------------------------------------

Nuclear cell extracts were prepared by employing a kit from Active Motif. In brief, cells were washed, collected in icecold PBS in the presence of phosphatase inhibitors, to limit further protein modifications, and then centrifuged at 24 *g* for 5 min. The pellets were re-suspended in a hypotonic buffer, treated with detergent and centrifuged at 14,000 *g* for 30 sec. After collection of the cytoplasmic fraction, the nuclei were lysed and nuclear proteins solubilized in lysis buffer containing proteasome inhibitors. Protein concentrations were determined by the Bio-Rad protein assay (Bio- Rad Laboratories, Hercules, CA, USA).

The binding of NF~κ~B to DNA was measured in nuclear extracts with a fast, user-friendly ELISA-based TransAM NF~κ~B p65 assay kit (Active Motif, Carlsbod, CA, USA). This assay uses multi-well plates coated with an unlabeled oligonucleotide containing the consensus-binding site for NF~κ~B (5′-GGGACTTTCC-3′) \[[@b12]\]. Nuclear proteins (5 μg) were added to each well and incubated for 1 hr to allow NF~κ~B DNA binding. Subsequently, by using an antibody that is directed against NF~κ~B p65 subunit, the NF~κ~B complex bound to the oligonucleotide is detected. Addition of the secondary antibody conjugated to horseradish peroxidase (HRP) provides sensitive colorimetric readout that is easily quantified by spectrophotometry.

AP-1
----

TransAM AP-1 kits are designed specifically to detect and quantify AP-1 activation. Similar to TransAM NF~κ~B p65, TransAM AP-1 kits contain a 96- well plate on which has been immobilized an oligonucleotide that contains a 12-Otetradecanoylphorbol-13-acetate (TPA)-responsive element TRE (5′-TGAGTCA-3′). AP-1 dimers contained in nuclear extract (5 μg) specifically binds to this oligonucleotide. The primary antibodies used recognize accessible epitopes on c-Jun proteins upon DNA binding. Secondary antibody conjugated to HRP gives the colorimetric reaction. Absorbance was read at 450 nm within 5 min.

Chemokine detection
-------------------

Pancreatic acinar cell supernatants were assayed for MCP-1, MIP-1~α~ and MIP-2 using a sandwich ELISA, according to the manufacturer\'s instructions (Duoset kit; R&D Systems, Minneapolis, MN, USA). For example MCP-1, briefly, anti-MCP-1 primary antibody was aliquoted onto ELISA plates and incubated at 4°C overnight. Samples and standards were incubated for 2 hrs, the plates were washed, and a biotinylated anti-MCP-1 antibody was added for 2 hrs. Plates were washed again, and streptavidin bound to HRP was added for 20 min. After a further wash, tetramethylben-zidine was added for colour development, and the reaction was terminated with 2 M H~2~SO~4~. Absorbance was meas-ured at 450 nm. The same procedure was followed for the detection of the remaining chemokines MIP-1~α~ and MIP-2.

Statistical analysis
--------------------

Results are presented as means + SE with six replicates for each condition. Each experiment was repeated at least three times. The significance of changes was evaluated by using ANOVA and Tukey\'s method was used as a post hoc test for the difference between groups. A P value ≤ 0.05 was taken as the level of significance.

Results
=======

Substance P stimulates ERK1/2 phosphorylation and NF~κ~B activation in a time-dependent manner
----------------------------------------------------------------------------------------------

To examine whether substance P causes ERK1/2 phosphorylation in pancreatic acini, mouse pancreatic acinar cells were treated with 1 μM substance P for 0, 3, 5, 10, 15, 45, 60, 120 min. Cells were then lysed, and cell proteins were subjected to Western blot analysis using antibodies against both phospho-ERK1/2 and total ERK1/2. As shown in [Figure 1A](#fig01){ref-type="fig"}, substance P-induced phosphorylation of ERK1/2 in pancreatic acini that was evident at 3 min and increased in a time-dependent manner up to 120 min. [Figure 1B](#fig01){ref-type="fig"}, densitometric analysis of Western blot experiments revealed a significant increase in phosphorylation of ERK2 at all the above mentioned time points when compared to 0 min control. Phosphorylation of ERK1 was significantly higher at 45, 60 and 120 min when compared to 0 min control. The time-dependent increase in phosphorylation of ERK1/2 was in line with the time-dependent degradation of total I~κ~B~κ~ as shown in [Figure 1C](#fig01){ref-type="fig"}. In a similar experiment nuclear extract was used, instead of cell lysate, to detect NF~κ~B activation by ELISA. As shown in [Figure 1D](#fig01){ref-type="fig"}, treatment with 1 μM substance P caused a time-dependent increase in NF~κ~B activation as early as 3 min. The increase became significant at 10 min and reached maximum at 120 min after substance P treatment.

![Substance P stimulates ERK1/2 phosphorylation and NF~κ~B activation in a time-dependent manner. Substance P induces a time-dependent phosphorylation of ERK1/2 which coincides with a time-dependent activation of NF~κ~B. Freshly isolated pancreatic acini, obtained from three mice, were incubated with 1 μM substance P for 0, 3, 5, 10, 15, 45, 60, 120 min at 37°C. In some experiments, cells were lysed and cell proteins were subjected to Western blot analysis using antibodies against (**A**) phospho-ERK1/2, total ERK1/2 (**B**) Densitometric analysis of Western blot experiments from pancreatic acini. and (**C**) I~κ~B~α~. In another experiment, the nuclear extract was used to isolate NF~κ~B and ELISA was carried out to detect activation of (**D**) NF~κ~B. The results are representative of three independent experiments. Results shown are the means + SE. \# P≤0.05 when compared to 0 min control.](jcmm0011-1326-f1){#fig01}

ERK1/2-mediated NF~κ~B activation is involved in substance P-induced chemokine synthesis
----------------------------------------------------------------------------------------

To verify whether the MEK1 inhibitor PD98059 blocks phosphorylation of ERK1/2 in substance P-treated cells, mouse pancreatic acinar cells were pre-incubated with PD98059 for 1 hr followed by stimulation with 1 μM substance P for 45 min. Cells were then lysed, and cell proteins were subjected to Western blot analysis. As shown in [Figure 2A](#fig02){ref-type="fig"}, PD98059 attenuated substance P-induced phosphorylation of ERK1/2 in a dose-dependent manner. In [Figure 2B](#fig02){ref-type="fig"}, densitometry showed that the four different doses of PD98059 namely 10 μM, 30 μM, 50 μM and 100 μM significantly blocked phosphorylation of ERK1/2 when compared to substance P-only treated group. To confirm the role of ERK1/2 in substance Pinduced NF~κ~B activation and chemokine production, we pre-treated the pancreatic acini with PD98059 for 1 hr followed by stimulation with 1 μM substance P for 45 min \[[@b11]\]. Our results, in [Figure 3A](#fig03){ref-type="fig"}, showed that pre-treatment with PD98059 significantly inhibited substance P-induced NF~κ~B activation in a dosedependent manner which was followed by a dosedependent decrease in CC chemokines (3B) MCP-1, (3C) MIP-1 μ and CXC chemokine (3D) MIP-2. The negative control in which pancreatic acini were pretreated with 10 μM (the dose sufficient to block substance P-mediated activation) of PD98059 for 1 hr followed by stimulation with placebo for 45 min had no significant effect on MAPK, NF~κ~B and chemokine production when compared to unstimulated controls (data not shown). These results indicate that substance P induces the production of chemokines MCP-1, MIP-1~α~ and MIP-2 viathe ERK1/2-mediated NF~κ~B signalling pathway.

![PD98059 dose-dependently decreases phosphorylation of ERK1/2 in pancreatic acini. PD98059 (an inhibitor of MEK1/2) effectively blocked phosphorylation of ERK1/2. Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with PD98059 at different doses of 10 μM, 30 μM, 50 μM, 100 μM for 1 hr at 37°C followed by stimulation with 1 μM substance P for 45 min at 37°C. Cells were subsequently lysed, and cell proteins were subjected to Western blot analysis using antibodies against (**A**) phospho-ERK1/2 and total ERK1/2. (**B**) Densitometric analysis of Western blot experiments from pancreatic acini. The results are representative of three independent experiments. Results shown are the means + SE. \* P≤ 0.05 when compared to control, + P≤ 0.05 when compared to substance P (SP).](jcmm0011-1326-f2){#fig02}

![ERK1/2-mediated NF~κ~B activation is involved in substance P-induced chemokine synthesis. Substance Pinduced ERK1/2 phosphorylation and activation mediate NF~κ~B activation and chemokine production. Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with MEK1 inhibitor PD98059 for 1 hr followed by stimulation with 1 μM substance P for 45 min. Acini were separated from incubation medium by centrifugation. (**A**) The pellet (acini) was used for NF~κ~B extraction and detection whereas the supernatant was used to measure (**B**) MCP-1, (**C**) MIP-1 and (**D**) MIP-2 levels by ELISA. The results are representative of three independent experiments. Results shown are the means + SE. \* P≤0.05 when compared to control, + P≤0.05 when compared to substance P (SP).](jcmm0011-1326-f3){#fig03}

Substance P induces phosphorylation of JNK and AP-1 (c-Jun) activation in a time-dependent manner
-------------------------------------------------------------------------------------------------

To examine whether substance P stimulates JNK phosphorylation in pancreatic acini, mouse pancreatic acinar cells were treated with 1 μM substance P for 0, 3, 5, 10, 15, 45, 60, 120 min. Cells were then lysed, and cell proteins were subjected to Western blot analysis using antibodies against both phospho p54 and -p46 JNK and total JNK. As shown in [Figure 4A](#fig04){ref-type="fig"}, substance P-induced phosphorylation of phospho-p54 and -p46 JNK in pancreatic acini in a time-dependent manner with the earliest time point being 3 min. [Figure 4B](#fig04){ref-type="fig"}, densitometric analysis of Western blot experiments revealed a significant increase in phospho-p54 at 45, 60, 120 min when compared to 0 min control. Densitometric analysis of phospho-p46 could not be carried out as the control for phospho-p46 was undetected.

![Substance P induces phosphorylation of JNK and AP-1 (c-Jun) activation in a time-dependent manner. Substance P induces a timedependent phosphorylation of JNK which is in line with a timedependent activation of AP-1 (c-Jun). Freshly isolated pancreatic acini, obtained from three mice, were incubated with 1 μM substance P for 0, 3, 5, 10, 15, 45, 60, 120 min at 37°C. In some experiments, cells were lysed, and cell proteins were subjected to Western blot analysis using antibodies against (**A**) phospho-JNK, total JNK. In another experiment, the nuclear extract was used to isolate AP-1 (c-Jun) and ELISA was carried out to detect activation of (**C**) AP-1 (c-Jun). (**B**) Densitometric analysis of Western blot experiments from pancreatic acini. The results are representative of three independent experiments. Results shown are the means + SE. \#P ≤0.05 when compared to control (0 min).](jcmm0011-1326-f4){#fig04}

In [Figure 4C](#fig04){ref-type="fig"}, the time-dependent increase in phosphorylation of phospho-p54 and -p46 JNK was in accord with the time-dependent increase in AP-1 (c-Jun) activation; with a significant maximal intensity ranged from 45 to 120 min when compared to the 0 min control.

JNK is involved in substance P-induced AP-1 (c-Jun) activation and chemokine synthesis
--------------------------------------------------------------------------------------

To make sure that SP600125, an inhibitor of JNK which prevents the phosphorylation of JNK substrates by blocking the ATP-binding domain of JNKs, inhibits phosphorylation of JNK in substance P-treated cells, mouse pancreatic acinar cells were pre-incubated with SP600125 for 1 hr followed by stimulation with 1 μM substance P for 45 min. Cells were then lysed, and cell proteins were subjected to Western blot analysis. As shown in [Figure 5A](#fig05){ref-type="fig"}, SP600125 attenuated substance P-induced phosphorylation of JNK. In [Figure 5B](#fig05){ref-type="fig"}, densitometry showed that 10 μM, 25 μM, 50 μM and 100 μM of SP600125 significantly blocked phosphorylation of JNK when compared to substance P- only treated group. To determine if substance P-induced synthesis of chemokines MCP-1, MIP-1~α~ and MIP-2 and AP-1 (c-Jun) activation are mediated through JNK, pancreatic acini were pretreated with SP600125 for 1 hr followed by stimulation with 1 μM substance P for 45 min. Our data in [Figure 6A](#fig06){ref-type="fig"} showed that SP600125 inhibited substance P-induced AP-1 (c-Jun) activation in a dosedependent manner. As shown in [Figure 6B](#fig06){ref-type="fig"}, C and D, pre-treatment with SP600125 caused a concentration- dependent attenuation of substance P-induced production of MCP-1, MIP-1~α~ and MIP-2. The negative control in which pancreatic acini were pre-treated with 10 μM (the dose sufficient to block substance P-mediated activation) of SP600125 for 1 hr followed by stimulation with placebo for 45 min had no significant effect on JNK, AP-1 (c-Jun) and chemokine production when compared to unstimulated controls (data not shown). These results demonstrate that substance P-induced synthesis of MCP-1, MIP-1~α~ and MIP-2 is mediated by JNK/AP-1 (c-Jun) signalling pathway.

![SP600125 decreases phosphorylation of JNK in pancreatic acini. SP600125 (JNK inhibitor) effectively blocked phosphorylation of JNK. Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with SP600125 at different doses of 10 μM, 25 μM, 50 μM, 100 μM for 1 hr at 37°C followed by stimulation with 1 μM substance P for 45 min at 37°C. Cells were subsequently lysed, and cell proteins were subjected to Western blot analysis using antibodies against (**A**) phospho-JNK and total JNK. (**B**) Densitometric analysis of Western blot experiments from pancreatic acini. The results are representative of three independent experiments. Results shown are the means + SE. \* P≤0.05 when compared to control, + Pα0.05 when compared to substance P (SP).](jcmm0011-1326-f5){#fig05}

![JNK is involved in substance P-induced AP-1 (c-Jun) activation and chemokines synthesis. Substance Pinduced JNK phosphorylation and activation mediate AP-1 (c-Jun) activation and chemokine production. Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with JNK inhibitor SP600125 for 1 hr followed by stimulation with 1μM substance P for 45 min. Acini were separated from incubation medium by centrifugation. (**A**) The pellet (acini) was used for AP-1 (c-Jun) extraction and detection whereas the supernatant was used to measure (**B**) MCP-1, (**C**) MIP-1~κ~ and (**D**) MIP-2 levels by ELISA. The results are representative of three independent experiments. Results shown are the means + SE. \* P≤0.05 when compared to control, + P≤0.05 when compared to substance P (SP).](jcmm0011-1326-f6){#fig06}

Substance P-induced ERK1/2 and JNK cross activate NF~κ~B and AP-1 (c-Jun)
-------------------------------------------------------------------------

Pancreatic acini were pre-treated with either PD98059 or SP600125 followed by stimulation with 1 μM substance P for 45 min. As shown in [Figure 7A](#fig07){ref-type="fig"}, PD98059 given at doses 10 μM, 30 μM, 50 μM and 100 μM significantly blocked AP-1 (c-Jun) activation. SP600125 attenuated NF~κ~B activation at a concentration of 25 μM and above, as shown in [Figure 7B](#fig07){ref-type="fig"}. The negative control in which pancreatic acini were pre-treated with either 10 μM of PD98059 or 10 μM or even 25 μM of SP600125 (the doses sufficient to block substance P-mediated activation) for 1 hr followed by stimulation with placebo for 45 min had no significant effect on the activation of AP-1 (c-Jun) and NF~κ~B, respectively, when compared to unstimulated controls (data not shown). Our data suggest that substance P-induced chemokine production also takes place through ERK1/2 mediated AP-1 (c-Jun) activation and JNK- mediated NF~κ~B activation. These results imply that there is a cross-talk between the two classical pathways, ERK1/2-NF~κ~B and JNKAP-1 (c-Jun), to induce synthesis of chemokines MCP-1, MIP-1~α~ and MIP-2 in pancreatic acini.

![Substance P-induced ERK1/2 and JNK cross activate NF~κ~ B and AP-1 (c-Jun). Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with either MEK1 inhibitor PD98059 or JNK inhibitor SP600125 for 1 hr followed by stimulation with 1 μM substance P for 45 min. Acini were separated from incubation medium by centrifugation. The pellet (acini) was used for extraction and detection of (**A**) NF~κ~B activation and (**B**) AP-1 (c-Jun) activation. The results are representative of three independent experiments. Results shown are the means + SE. \*P≤0.05 when compared to control, +P≤0.05 when compared to substance P (SP).](jcmm0011-1326-f7){#fig07}

Substance P-NK1R interaction is involved in ERK 1/2 and JNK activation
----------------------------------------------------------------------

Our data show that substance P-induced ERK1/2 and JNK activation were mediated through NK1R. We pre-treated the pancreatic acini with 1 μM of CP96345, a selective NK1R antagonist, followed by stimulation with 1 μM of substance P for 45 min. Cells were then lysed, and cell proteins were subjected to Western blot analysis. Our results, in [Figure 8](#fig08){ref-type="fig"}, demonstrate that CP96345 significantly reduced substance P-induced ERK1/2 and JNK activation in pancreatic acinar cells when compared to substance P-only treated cells.

![Substance P-NK1R interaction is involved in ERK1/2 and JNK activation. Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with 1 μM CP96345 for half an hour at 37°C followed by stimulation with 1 μM substance P for 45 min for ERK1/2 and JNK at 37°C. Cells were subsequently lysed, and cell proteins were subjected to Western blot analysis using antibodies against (**A**) phospho-ERK, total ERK1/2 (**B**) phospho-JNK, total JNK. Corresponding densitometric analysis of Western blot experiments from pancreatic acini. The results are representative of three independent experiments. Results shown are the means + SE. \* P≤ 0.05 when compared to control, + P ≤0.05 when compared to substance P (SP).](jcmm0011-1326-f8){#fig08}

Substance P-induced NF~κ~B and AP-1 activation as well as chemokine production are mediated through NK1R
--------------------------------------------------------------------------------------------------------

The role of NK1R in substance P-induced NF~κ~B and AP-1 activation and chemokine production was confirmed by pre-treating the cells with 1 μM of CP96345 followed by stimulation with 1 μM of substance P for 45 min. The cells were used for nuclear extraction to determine NF~κ~B and AP-1 activation, whereas the supernatant obtained was used for detection of chemokines MCP-1, MIP-1~α~ and MIP-2 by ELISA Our results, in [Figure 9](#fig09){ref-type="fig"}, show that pre-treatment with selective antagonist CP96345 significantly inhibited substance P-induced NF~κ~B and AP-1 activation in pancreatic acinar cells when compared to substance P-only treated cells. As shown in [Figure 9](#fig09){ref-type="fig"}, CP96345 significantly attenuated substance P-induced MCP-1, MIP-1~α~, and MIP-2 synthesis when compared to substance P-only treated cells.

![NK1R is involved in substance P-induced NF~κ~ B and AP-1 activation as well as MCP-1, MIP-1~α~ and MIP-2 production. Freshly isolated pancreatic acini, obtained from three mice, were pre-incubated with 1 μgM CP96345 for half an hour followed by stimulation with 1 μM substance P for 45 min. Acini were separated from incubation medium by centrifugation. The pellet was used for (**A**) NF~κ~B and (**B**) AP-1 extraction and NF~κ~B (p65) and AP-1 (c-Jun) DN-Abinding assays were carried out. The supernatant was used to measure (**C**) MCP-1, (**D**) MIP-1~α~ and (**E**) MIP-2 levels by ELISA. The results are representative of three independent experiments. Results shown are the means + SE. \* P≤0.05 when compared to control, + P≤0.05 when compared to substance P (SP).](jcmm0011-1326-f9){#fig09}

Discussion
==========

Previously, we have shown that the substance PNKIR related pathway is involved in mediating the pro-inflammatory effect of H~2~S in mouse pancreatic acinar cells \[[@b13]\] and that substance P induces chemokine production in pancreatic acinar cells \[[@b11]\]. In the present study, we investigated substance PNKIR induced signalling cascades that lead to increased production of chemokines MCP-1, MIP-1~α~ and MIP-2 in pancreatic acini. Substance P has been shown to stimulate a number of intracellular signalling molecules, such as MAPK members. Ligand binding to NK1R activates MAPKs \[[@b14]\]. There are three well-characterized subfamilies of MAPKs that control an array of physiological processes. It is generally believed that ERKs function in the control of cell division, JNKs are critical regulators of transcription and p38 MAPKs are activated by inflammatory cytokines and environmental stresses. In the present study, we have focussed on the MAPKs ERK1/2 and JNK, as p38 was not activated upon substance P stimulation in our model of isolated acinar cells.

Transcription factor AP-1 is composed of a mixture of heterodimeric complexes of proteins derived from the Fos and Jun families. Only Jun proteins can form transcriptionally active homodimers with AP-1 members or heterodimers with cAMP response elementbinding/activating transcription factor (CREB/ATF) members, to bind the cAMP response element (CRE) (5′-TGACGTCA-3′). Phosphorylation of AP-1 family members by kinases is required for transactivation activity. The transcriptional activity of c-Jun is stimulated by phosphorylation at Ser-63 and -73 within its N-terminal activation domain \[[@b15]\]. It was reported that the serine/threonine kinase activity, termed JNK, binds to c-Jun and specifically phosphorylates its Nterminal sites. However, there were also reports that the N-terminal sites of c-Jun are phosphorylated *in vitro* by ERK1 and ERK2 \[[@b16]\]. Most cells express two isoforms of JNK, 46 and 55 kD in size and termed JNK1 and JNK2, that are highly similar in their modes of regulation \[[@b20]\]. Like activation of ERK1 and ERK2 \[[@b22]\], activation of JNK requires its phosphorylation on adjacent Thr and Tyr residues \[[@b23]\].

In this study, we show that substance P induces JNK phosphorylation which is in accord with AP-1 (c-Jun) activation as well as increased synthesis of MCP-1, MIP-1~α~ and MIP-2. To confirm that production of these chemokines is mediated through the JNK/AP-1(c-Jun) signalling pathway, pancreatic acini were pre-treated with SP600125 followed by stimulation with substance P. SP600125 is a selective inhibitor of JNK. In cells, it dose dependently inhibits the phosphorylation of c-Jun. It competitively and reversibly inhibits JNK1, 2 and 3 and has been shown to have less inhibitory potency on ERK2, p38b and a range of other kinases \[[@b24]\]. Our data shows that SP600125 attenuated the activation of AP-1 (c-Jun) as well as the production of MCP-1, MIP-1~α~ and MIP-2. Moreover, we found that SP600125 attenuated NF~κ~B activation at concentration of 25 μM and above. We also confirmed with the use of Western analysis that SP600125 indeed blocked phosphorylation of JNK in pancreatic acini. Total JNK was used as a control. Our data suggests that substance P-induced chemokine production occurs not only through the classic JNK/AP-1 (c-Jun) pathway, but also through JNK-mediated NF~κ~B activation.

Previously, it has been established that MEKK1 induced activation of both IKK-~β~ and IKK-~α~ leading to NF~κ~B activation \[[@b26]\]. Furthermore ERK1/2 activity and phosphorylation have been associated with degradation of I~κ~B protein leading to NF~κ~B activation. Moreover, it has been shown that MEK-1 and ERK-1 act as intermediates in the cascade of events that regulate AP-1 and NF~κ~B activation. NF~κ~B is located in the cytoplasm in an inducible form, in which the heterodimer is complexed to the inhibitory subunit, I~κ~B~α~. Upon stimulation of the cell, I~κ~B~α~ is rapidly phosphorylated and degraded; the released nucleophilic heterodimer then moves to the nucleus. Both p50 and p65 contribute to NF~κ~B DNA binding, but only the p65 subunit is responsible for transactivation. Once in the nucleus, NF~κ~B binds to its consensus decameric sequence located in the promoter region of several genes involved in the pro-inflammatory response, encoding various immunoreceptors, cell adhesion molecules, cytokines and chemokines \[[@b28]\].

In the present study, we investigated the possible involvement of ERK 1/2 in mediating substance P-induced chemokine synthesis in pancreatic acinar cells, in particular their role in increasing NF~κ~B and AP-1 (c-Jun) activity. We demonstrated that substance P induces ERK 1/2 activation which is in line with NF~κ~B activation as well as with the increased synthesis of chemokines MCP-1, MIP-1~α~ and MIP-2. The ERK pathway-specific inhibitor PD98059 dose dependently inhibited NF~κ~B activation and chemokine production. PD98059 is a potent, selective and cell-permeable inhibitor of MAP kinase kinase. It selectively inhibits the MAPK-activating enzyme, (MEK), without significant inhibitory activity of MAPK itself. Inhibition of MEK by PD98059 prevents activation of MAPK and subsequent phosphorylation of MAPK substrates both in vitroand in intact cells \[[@b31]\]. Here, we found that PD98059 blocked AP-1(c-Jun) activation. Furthermore using Western analysis, we confirmed that PD98059 effectively blocked phosphorylation of ERK1/2 in pancreatic acinar cells.

We have earlier shown that pre-treatment of pancreatic acini with NF~κ~B essential modulator (NEMO)- binding domain peptide (NBD), an NF~κ~B inhibitor, completely attenuated the chemokine synthesis induced by substance P. This shows that the increase in chemokine synthesis induced by substance P was specifically dependent on NF~κ~B activation \[[@b11]\]. Taken together, these results demonstrate that substance P-induced production of MCP-1, MIP-1~α~ and MIP-2 is mediated not only through the classic signalling pathways namely ERK1/2- NF~κ~B and JNK/AP-1 (c-Jun), but also through a cross-talk between the two classic signalling pathways. Similar observations have been made with caerulein/CCK treatment on pancreatic acini. It has been reported in previous studies that caerulein/CCK rapidly activates MAP Kinases, NF~κ~B and the downstream chemokine production in pancreatic acinar cells \[[@b11]\].

Pancreatic acini have previously been used as a model cell type to study the mechanisms of protein secretion, hormone action and stimulus-secretion coupling \[[@b37]\]. We have used primary cultures of acinar cells isolated from mouse pancreatic tissue because there are no cell lines that authentically reproduce the function of the acinar cell. It is quite likely that the stress associated with pancreatic acini preparation may affect the signalling pathways in these cells. This explains why very high concentration (100 μM), but not low (10 μM) of PD98059 or SP600125 had lower chemokine production when compared to control. However, 100 μM PD98059 or SP600125 had no effect on pancreatic acinar cell viability. It is probable that at very high concentration (100 μM) these inhibitors are able to inhibit the activation in signalling pathways due to environmental stresses. We therefore suggest that the most appropriate concentrations for the inhibitors are the low doses of 10 μM or 25 μM for PD98059 and 10 μM or 30 μM for SP600125.

To further understand the molecular mechanism and to show that substance P-induced chemokine production was indeed mediated by substance P, and not by some non-specific effects upon acinar cells isolation, we pre-treated the cells with the selective NK1R antagonist, CP96345. In the present study, CP96345 decreased the activation of ERK1/2, JNK, NF~κ~B and AP-1 mediated chemokine production, hence showing that substance P-induced chemokine production is dependent on NK1R in pancreatic aci-nar cells. Based on our results, we proposed the mechanism by which substance P induces chemokine production in mouse pancreatic acinar cells ([Fig. 10](#fig10){ref-type="fig"}).

![A schematic representation of the signalling cascade that mediates substance P-NK1-R induced chemokine production in pancreatic acinar cells. Substance P (SP) induces activation of MAP kinases ERK and JNK in pancreatic acinar cells. Moreover, substance P-induced phosphorylation of ERK and JNK mediates the activation of transcription factors NF~κ~B and AP-1, thus resulting in increased secretion of pro-inflammatory mediators MCP- 1, MIP-1~α~ and MIP-2 in acinar cells. Substance P-induced ERK1/2, JNK, NF~κ~B, AP-1 activation and chemokine synthesis are depended on NK1R.](jcmm0011-1326-f10){#fig10}

To our knowledge, this is the first study that shows the involvement of ERK1/2, JNK, AP-1(c-Jun) and NF~κ~B in substance P-induced chemokine production in pancreatic acini. The present study provides evi-dence that activation of p42/p44 MAPK pathways by substance P is necessary for production of MCP-1, MIP-1~α~ and MIP-2. Furthermore, JNK seems to be the other MAPK required for substance P-induced chemokine production in these cells. These results show that substance P-induced activation of both p42/p44 MAPK and JNK cascades are essential for NF~κ~B and AP-1 activation, resulting in increased production of chemokines MCP-1, MIP-1~α~ and MIP-2 in mouse pancreatic acini. The current study gives us an insight into the mechanism by which substance P contributes to the inflammatory responses in acute pancreatitis.
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